Introduction
Historical events and gene flow/genetic drift are the main evolutionary factors explaining the geographical distribution of neutral genetic diversity within species. Under constant gene flow and demographic equilibrium, spatial genetic structure among populations can be predicted by several theoretical models (eg Wright, 1931; Slatkin, 1993; Rousset, 1997) . However, historical events, such as fragmentation or rapid expansion of a species distribution, can modify these genetic patterns. In some instances, genetic drift and reduction of gene flow during periods of contraction can create high genetic divergence between isolated populations (Latta and Mitton, 1997) . Furthermore, recolonization by a few founders during periods of expansion can produce population bottlenecks and loss of genetic diversity (Nei et al, 1975; Cornuet and Luikart, 1996) . These historical events can be detected by comparing genetic diversity among several geographical groups of populations, as performed for numerous tree species in temperate areas (eg Latta and Mitton 1997; Le Corre et al, 1997; Taberlet et al, 1998) . Compared to other plants, tree species are generally characterized by high genetic diversity within populations and low differentiation among them, a genetic pattern that has been interpreted as a consequence of large effective population size and extensive gene flow (Hamrick et al, 1992) . However, the question of whether this pattern occurs in Neotropical tree species remains open, because studies of populations separated by more than a few kilometres are rare in tropical rainforest (Loveless, 1992) . Low density, clustering of individuals, and putative extinction/recolonization in Neotropical tree species could promote stronger spatial genetic structure than in temperate tree species.
Low density and clustering of individuals at fine spatial scales, which are common characteristics of many Neotropical tree species (Condit et al, 2000) , may result in limited effective population size, and lead to reduced genetic diversity (Wright, 1931) , as well as significant genetic differentiation among populations (Cardoso et al, 1998 , Dutech et al, 2002 . Moreover, Neotropical rainforest ecosystems are characterized by rapid short-term environmental changes, such as tree fall gap-disturbances (Hubbell et al, 1999) and periods of drought (Bawa and Markham, 1995) , sometimes associated with fires (Tardy, 1998) . Local extinction may therefore be frequent, especially for species with low density, low growth rate, or low seed dispersal. Such factors should be considered because theoretical studies have shown that genetic differentiation among populations of a metapopulation may increase under these conditions, especially when there are few and/or genetically related founders (eg Wade et al, 1994) . High gene flow can counteract these predictions, but seed and pollen dispersal is thought to predominantly occur over small distances for various tropical tree species (Loveless, 1992) .
The history of Neotropical tree populations should also be taken into account when analyzing genetic diversity at larger spatial scales. Biogeographical and historical data suggest ancient contraction-expansion of rainforest in several areas of the Amazonian Basin and the Guianas during the Pleistocene and Holocene periods (20 000-1000 years before present (BP); Granville, 1982; Hooghiemstra and van der Hammen, 1998; Pennington et al, 2000) . A decrease in precipitation throughout the Pleistocene and Holocene periods would have led to contraction of rainforest that was previously limited to areas of higher altitude, and expansion of dry forests in other areas (Hooghiemstra and van der Hammen, 1998) . These events should have produced population extinction-recolonization processes over a large area. Genetic diversity within species that were sensitive to climatic changes and that slowly recolonized forest should therefore have been affected. However, most genetic studies have been conducted on geographically close populations (ie a few kilometres apart) and at latitudes where tree species often occur at lower densities than temperate tree species (Loveless, 1992 ; but see Gillies et al, 1999) . Such populations may be vulnerable to historical events, as has been suggested by recent studies in French Guiana based on the analysis of cpDNA diversity in Dicorynia guianensis (Caron et al, 2000) and Vouacapoua americana (Dutech et al, 2000b) . In V. americana, homogeneous patches of cpDNA haplotypes, occurring over several thousand hectares along the coast of French Guiana, strongly suggest large extinction-recolonization events in the past (Dutech et al, 2000b) .
The goal of this study is to evaluate the respective roles of the ecological traits mentioned above (ie low density, spatial clustering, and gene flow mediated by animals) and historical factors (expansion and contraction of rainforest) in shaping the nuclear genetic diversity of the Neotropical tree species V. americana in French Guiana. The primary dispersal agents of this tree are two rodent species (Dasyprocta leporina and Myoprocta exilis), which predominantly bury seeds up to 10 m away from the maternal trees (Forget, 1990) . The floral syndrome (small-sized, fragrant and yellow flowers) indicates small insects as the likely pollinators. The average adult density is generally lower than nine individuals/ha (Dutech et al, 2002) , and individuals have a clustered distribution (Forget et al, 1999) . From these traits, one can predict low gene flow, low genetic diversity within populations and substantial differentiation among populations. Furthermore, V. americana is a typical, shade-tolerant species of mature tropical rainforests of the eastern Guiana shield, with low adult growth rate (Gourlet-Fleury and Houllier, 2000) . Its genetic structure should therefore contain the signature of past biogeographical dynamics (if any) of the rainforest in French Guiana. According to biogeographical and historical hypothesis (Granville, 1982; Tardy, 1998) , we assume that several V. americana populations, mainly located in the coastal area, could have experienced local extinction-recolonization during the Pleistocene and Holocene periods. In contrast, three other areas in the central, the north-western and the north-eastern part of the country, mainly located in areas of higher altitude, could have been weakly disturbed by past climatic changes or fire events (Granville, 1982; Tardy, 1998) . The former group should be more strongly marked by bottleneck events, while high genetic divergence is expected between the three forest refugial areas.
Our goals were to evaluate whether: (i) neutral nuclear genetic diversity within populations is low, as may be inferred from ecological traits and putative bottleneck events; (ii) indirect estimates of gene flow among populations better explain spatial nuclear genetic structure in French Guiana compared with biogeographical hypotheses; and (iii) bottlenecks can be detected, especially in coastal populations that appear to have been strongly disturbed in the past and may have suffered more population reductions.
Material and methods

Sampling
A total of 17 populations of V. americana were sampled throughout French Guiana (Table 1 ). The choice of sampling sites was based on three criteria: (i) accessibility, which disqualified most of southern French Guiana, (ii) even distribution over northern French Guiana, and (iii) sampling areas with supposedly different biogeographical histories and levels of past disturbance. These areas were defined according to phytogeographical studies in French Guiana, which indicated that the Sinnamary River (Figure 1 ) might be a biogeographical barrier for many species (Granville, 1982) . It has also been shown that the flora of central French Guiana exhibits high species richness and endemism, differing from areas located northwards (Granville et al, 1996) . Based on these data, the sampled populations fall into three biogeographical groups that could have genetically diverged during the Pleistocene and Holocene periods: Centre of French Guiana, East and West of the Sinnamary River (referred to, respectively, as Centre, North-east and North-west; Table 1 and Figure 1 ). We also sampled populations that had been differentially affected by historical events during the Pleistocene and Holocene periods (Granville, 1982; Tardy, 1998) . One to three populations sampled in each of the three areas were assumed to have been weakly disturbed, six populations were located close to these forest refugial areas and five populations were located on the coast where rainforest was highly disturbed (Granville, 1982 ; see Table 1 and Figure 1 ).
In total, 21-24 individuals (mean ¼ 23.6) were sampled per population. To reduce the chance of common maternal origin, sampled individuals were separated by a minimum of 50 m. Samples were collected as either leaves of large trees (greater than 10 cm diameter at breast height) where a gun and small shots were used, or leaves of seedlings were sampled; in some populations both sampling methods were used (Table 1 ). In populations sampled as seedlings, individuals were sampled under different trees. We assumed that the genetic diversity of these seedlings is representative of that of adult populations. Leaves were stored in plastic bags up to 3 days after collection and were then stored at À801C in the laboratory.
DNA analysis
Total DNA was extracted in liquid nitrogen using a CTAB buffer (Dutech et al, 2000b) . Nine microsatellite loci isolated from the genome of V. americana, and composed of at least 10 noninterrupted (AG) repeats, were analyzed using the polymerase chain reaction (PCR) method following Dutech et al (2000a) . PCR products were separated by electrophoresis in denaturing polyacrylamide sequencing gels and stained with silver nitrate.
Statistical analyses Diversity within populations:
For each population and locus, we estimated the observed number of alleles (A), the observed heterozygosity (H o ), and the expected heterozygosity (H e ). Departures from Hardy-Weinberg equilibrium at each locus and genotypic disequilibria between pairs of loci in each population were tested using exact tests (Raymond and Rousset, 1995a) . HardyWeinberg equilibrium and genotypic disequilibria were tested, respectively, over all loci in each population and over all populations, using Fisher's method. Wright's F is was estimated in each population following Weir and Cockerham (1984) . All calculations and tests above were performed using Genepop version 3.1d (Raymond and Rousset, 1995b) .
Genetic differentiation among populations: Exact tests of genetic differentiation were performed per locus and pair of populations. F st was estimated over all For each population, the table gives the geographical group, name, class in relation with the putative level of past disturbances (see text), number used in Figure 1 , geographical location (latitude and longitude), type of material collected (tree refers to individuals with a diameter at breast height greater than 10 cm, and mixture to a mixture of trees and seedlings), number of individuals sampled (N), and approximate area sampled (in ha). N all , H o , H e , and F is are, respectively, the mean number of observed alleles, the mean observed heterozygosity, the mean gene diversity, and the fixation index over the nine microsatellite loci studied. Significant tests for departure to Hardy-Weinberg equilibrium are indicated as * for Po0.05. Figure 1 Geographical location of the 17 populations of V. americana studied in French Guiana. Rivers are indicated in italics. The numbers refer to populations (Table 1 ). The three most important refuges according to Granville (1982) and Tardy (1998) are indicated by the darker areas and the coastal area is shown in white. Limits between the three biogeographical goups are indicated by bold lines.
Genetic diversity of Vouacapoua americana C Dutech et al populations and between each pair of populations using the method of Weir and Cockerham (1984) . r st , an analog of F st taking into account the difference in size between microsatellite alleles (see Rousset, 1996) , was also estimated according to Michalakis and Excoffier (1996) . We compared the average estimates of F st and r st over all populations across loci using Wilcoxon's signed ranks test. Isolation-by-distance was tested by examining the relationship between geographical and genetic differentiation among populations, using Rousset's (1997) method. Assuming a two-dimensional habitat and isolation-by-distance, Rousset showed that the ratio F st /(1ÀF st ), estimated between pairs of populations, is linearly related to the logarithm of the Euclidean geographical distance separating these populations. The significance of the regression of F st /(1ÀF st ) against distance was assessed using a permutation method and the Spearman rank correlation coefficient. If gene flow is the main factor explaining the genetic differentiation among populations and under the hypothesis of migration-genetic drift equilibrium, the inverse of the regression slope gives an estimate of the product between 4p, the variance of dispersal between parent and offspring (s 2 ), and the density of reproductive individuals (D) (Rousset, 1997) . All analyses were performed using Genepop version 3.1d (Raymond and Rousset, 1995b ) except for the difference of pairwise F st from zero which was tested by a permutation method (with 100 permutations of individuals among populations) using Arlequin version 2.0 (Schneider et al, 1999) .
As mentioned above, three geographical groups were defined a priori (see Table 1 ). An analysis of molecular variance (AMOVA; Excoffier et al, 1992) was performed to estimate the correlation of genetic diversity at different levels of geographical subdivision: among geographical groups, among populations within groups, and within populations. This analysis was performed using Arlequin version 2.0 (Schneider et al, 1999) . The significance of genetic differentiation estimates among populations and among geographical groups was evaluated using a permutation method (1000 permutations of individuals or populations depending on the differentiation estimates tested; see Schneider et al, 1999) .
A hierarchical classification of populations was also constructed to analyze the geographical distribution of genetic variation. The chord distance (Cavalli-Sforza and Edwards, 1967) was computed between all pairs of populations and the populations were clustered using the neighbor-joining method. The chord distance assumes that genetic divergence among populations is caused by genetic drift, although not constant and equal population size (Felsenstein, 1993) . This analysis was conducted using Phylip version 3.57c (Felsenstein, 1993) . The robustness of clustering was evaluated using a bootstrap method with resampling (100 replicates) among loci within populations.
Detection of historical events: According to biogeographical and historical studies in French Guiana (Granville, 1982; Tardy, 1998) , some populations of V. americana have experienced bottlenecks, especially those far from areas of higher altitude, that is mainly on the coast (Figure 1 ). Cornuet and Luikart (1996) developed a test for detecting a recent bottleneck or expansion in populations, using genetic data. The test is based on the difference between the expected heterozygosity (gene diversity) and the heterozygosity estimated from the number of alleles expected in a random-mating population of constant size and at mutation -genetic drift equilibrium. A bottleneck in the past produces a loss of rare alleles, while the expected heterozygosity is less affected (Nei et al, 1975) . The heterozygosity estimated from allele number is therefore lower than the expected heterozygosity (heterozygosity excess; Cornuet and Luikart, 1996) . The temporal dynamics of the difference between these two heterozygosities after the bottleneck depends on the mutation model assumed. There are equivocal reports about whether the stepwise mutation model (SMM) or the infinite allele model (IAM) describes more accurately the mutation process at microsatellite loci. Since we have no information to select either of these models in V. americana, we performed the tests for both models. A standardized difference between the two heterozygosities was computed for each locus (Cornuet and Luikart, 1996) . A Wilcoxon's signed ranks test was then performed to evaluate whether the difference across loci significantly differs from zero. The tests were performed using Bottleneck version 1.2.02 (available at http:/ / www.ensam.inra.fr/URLB). Using this method, bottleneck signature can be detected up to two and four N e (effective population size) generations after the event (see Cornuet and Luikart, 1996) . The low growth rate of V. americana (Gourlet-Fleury and Houllier, 2000) and the diameter at first reproduction (20 cm diameter at breast height; Caron et al, 2004b) suggest an approximate generation time of 100 years. Demographic events that occurred during the Holocene can therefore be detected. Coastal populations (highly disturbed; see above and Table 1 ) should return more significant tests of bottlenecks than other populations.
Results
Variability and genetic structure within populations The mean number of alleles per population was 4. 1 (maximum ¼ 5.1 in Dorlin; minimum ¼ 3.2 in Voltaire; Table 1 ). Locus Wac1 was highly polymorphic with 24 alleles over all populations studied; no other locus exhibited more than 10 alleles (Table 2) . When Wac1 was excluded, the mean number of alleles per population (3.0; range ¼ 2.3-3.7) was significantly lower than when Wac1 was included (Wilcoxon signed ranks test, N ¼ 17, Po0.001). Allelic richness was positively correlated with both the number of repeat units and the maximum number of uninterrupted repeat units found in the cloned sequence (Spearman rank correlation coefficient over the nine loci: r ¼ 0.77 and 0.71, P ¼ 0.014 and 0.031, respectively). (Tables 1 and 2 ).
Genotypic disequilibrium was tested in 589 pairs of loci-population combinations. The hypothesis of no disequilibrium was rejected at the 5% level in 25 cases only, which is less than what is expected by chance at this level of significance. No pairs of loci showed a significant disequilibrium at the 5% level when considering all populations (Fisher's method).
Population differentiation
The exact test of pairwise differentiation was conducted in 1224 locus-population combinations. All pairs of populations showed a significant differentiation for at least two loci and about 80% of the pairs were differentiated at more than five out of nine loci analyzed (data not shown). Using locus Wac1, all pairs of populations could be differentiated except one (Tortue and St Georges). The total number of alleles per locus was significantly correlated with the number of population pairs that a locus could differentiate (Spearman rank correlation coefficient, r ¼ 0.95, P ¼ 10
À4
). All pairs of populations were significantly differentiated, when all loci were considered (Po0.01).
The pairwise F st estimates between populations ranged between 0.008 (St Georges-Saü l) and 0.195 (Lysis-Lucifer). All pairwise F st were significantly different from zero except for St Georges-Saü l and St GeorgesTortue (100 permutations). The F st and r st estimates over all populations were 0.08 and 0.05, respectively (see Table 2 ), and were not significantly different (Wilcoxon signed ranks test; N ¼ 9, P ¼ 0.11).
The ratio of F st /(1ÀF st ) increased with the logarithm of distance (Figure 2) . The null hypothesis of no isolationby-distance was rejected (Spearman rank correlation test, Po0.02). The equation of the regression was F st / (1ÀF st ) ¼ 0.0199 log (distance in kilometres)À0.0052, which produced an estimate of Ds 2 slightly lower than four individuals. The AMOVA showed that differentiation both among the three geographical groups and among populations within groups was highly significant (Po0.001; Table 3 ). However, the percentage of total variance explained by the geographical groups is about three times lower than the variance explained by the differentiation among populations within groups (2.3 and 6.6%, respectively, Table 3 ).
Tree reconstruction (Figure 3) produced bootstrap values higher than 75% for two groups of populations only, that is the central populations and two northwestern populations (Voltaire and Lucifer). Other groups were clustered with much lower bootstrap values indicating little geographic cohesion within the northeastern and north-western groups.
Tests for demographic bottleneck
Under the SMM, three populations out of 17 exhibited a significant deficit of heterozygosity when considering all loci (St Georges, Tibourou, and St Eugène; Wilcoxon signed ranks test, Po0. 01, ¼ 0.02, and ¼ 0.02, respectively; Table 4 ). Such a deficit can be detected under the SMM, either after a recent expansion, or just before reaching equilibrium after a bottleneck that can take approximately four N e generations (see Cornuet and Luikart, 1996) . Two north-eastern populations (Kaw and Lysis) exhibited an excess of heterozygosity under the Table 4 ). No population assumed to have been highly disturbed in the past (Table 1) exhibited a significant signal of past expansion or bottleneck.
Discussion
Relationship between ecological traits, populations dynamics, and diversity within populations Studies using microsatellite loci in tree populations often reveal high expected heterozygosity (H e ) and large numbers of alleles per locus (N a ). For example, N a and H e were higher than 17 and 0.84, respectively, in two European oak species (Streiff et al, 1998) and in a Brazilian tree species (Caryocar brasiliense; Collevatti et al, 2001) . However, our results indicate much lower population diversity in V. americana, with mean N a and H e smaller than 5 and 0.6, respectively. The method used to isolate microsatellite loci in this species (based on an enrichment protocol; Dutech et al, 2000a) could be biased towards loci with small numbers of repeats and low variability. The number of repeats and variability were indeed correlated, as in other studies of microsatellite variation (for a review, see Jarne and Lagoda, 1996) . Limited genetic diversity was also found for V. americana, relative to four other tree species sampled in Paracou, when using randomly amplified polymorphic DNAs markers and amplified fragment length polymorphism markers (Caron et al, 2004a) . These congruent results therefore suggest that low genetic diversity most likely reflects biological traits and the evolutionary history of V. americana, rather than locus sampling bias. The mating system strongly affects the amount of variation within populations, with selfing species often showing low variation (Hamrick et al, 1992) . Independent data indicate that the selfing rate in V. americana is low (o0.05 in two populations from St Eugène; Chauvet, 2001 ). This estimate is consistent with our low estimates of F is , and the fact that most populations did not deviate from Hardy-Weinberg expectations. Mating system, therefore, does not explain low genetic diversity within V. americana populations, which might rather be explained by small effective population size (Wright, 1931) . Several arguments favor this explanation. First, the adult density of V. americana populations is often lower than nine individuals per hectare. Second, low seed and pollen dispersal and clustering of individuals (Forget et al, 1999; Dutech et al, 2002) should mainly limit reproduction to few adults from the same patch. Third, only a proportion of adult trees in a patch may reproduce. Indeed, recruitment would occur in a few vacant sites, mainly located at the outer limit of dense Degrees of freedom (d.f.), sum of squares, variance component estimates, percentage of total variance (%) contributed by geographical groups, populations within groups, and individuals within populations are given. Genetic differentiation and the probability (P) to obtain a higher value by chance are given among groups and among populations within groups. Figure 3 Hierarchical classification of the 17 V. Americana populations studied using the chord distance and the neighbor-joining method. The numbers at the tree tips refer to population reference number (Table 1) . Circles, bold characters, and underlined characters refer to the three biogeographical groups: central, north-western, and north-eastern populations, respectively. The number near the nodes are bootstrap values (in %). The scale of the genetic distance is given in the upper right corner. Table 4 Wilcoxon signed ranks tests for demographic equilibrium (Cornuet and Luikart, 1996) under the infinite allele and stepwise mutation models.
Population Infinite allele model
Stepwise mutation model
Only those populations for which the probability of rejecting the null hypothesis of mutation-genetic drift equilibrium was lower than 0.05 are reported. The class in relation with the putative level of rainforest past disturbances (see text for explanations) are indicated in brackets. Equilibrium, deficit, and excess indicate mutation-genetic drift equilibrium, significant heterozygosity deficit and significant heterozygosity excess, respectively. P is the probability of rejecting the null hypothesis using Wilcoxon signed ranks test.
Genetic diversity of Vouacapoua americana C Dutech et al patches of adults or sometimes even further away (S Traissac, unpublished data) . Trees located at these limits may therefore be favored, which in turn should limit the number of maternal trees. Finally, recent bottlenecks can also decrease the genetic diversity within populations, and will be considered below.
Genetic differentiation among populations and gene flow One result of our study is the relatively low differentiation (overall F st estimate of 0. 08) among populations of V. americana separated by up to 300 km. This is slightly lower than the mean value estimated in tropical tree species using allozymes (0.11; Loveless, 1992) , and more comparable to values generally observed in woody perennial, outcrossed species (Hamrick et al, 1992) . A possible explanation is that gene flow among populations, especially mediated by pollen, is higher in V. americana than previously assumed. However, inferring gene flow from a global F st estimate should be done with extreme caution, because several factors influence this parameter besides gene flow (eg models of genetic differentiation, mutation model, sampled geographical scale, or sampling variance; see Whitlock and McCauley (1999) for numerous criticisms). Actually, the overall F st estimated in this study does not take account of the strong differentiation that can exist among patches of individuals within populations, as has been shown at Paracou and Nouragues (Dutech et al, 2002) . The relationship between F st estimated per pair of populations and geographic distance, which is less influenced by sampling design and mutation model (Rousset, 1996 (Rousset, , 1997 , provides a better insight into factors affecting population differentiation. A significant pattern of isolation-by-distance was detected at the scale of the whole study. This result suggests that gene flow is an important factor that contributes to shaping genetic differentiation among populations of V. americana. Furthermore, based on the regression slope, the estimate of Ds 2 , less than four individuals, may indicate either low density, and/or restricted gene flow in V. americana. The available ecological data are compatible with this interpretation. First, the average density of adults is low for most V. americana populations (fewer than nine individuals/ha). Second, insect pollination and seed dispersal by rodents suggest that gene flow is mainly limited to a few hundreds of metres around parental trees. Inference of gene flow from our data should therefore be taken with some caution. Firstly, because of the clustering of V. americana, the average density cannot accurately be estimated at the spatial scale of French Guiana. Secondly, the regression method would probably be more efficient at shorter geographical distances, when historical events are less likely to influence the current genetic differentiation (Rousset, 1997) . Thirdly, recent variation in local density of populations affects the distribution of variability among populations, and may interfere with interpretations based on models assuming demographic equilibrium (Rousset, 1997) . Despite these limitations, theoretical studies have shown that the regression method for inferring gene flow is robust to local and temporal variation of effective population size (Leblois, 2000) . Moreover, the analysis of spatial genetic structure within the Paracou and Nouragues populations suggested that most pollination events occurred over distances less than 100 m, and confirmed restricted seed dispersal (Dutech et al, 2002) . These congruent results strongly support the hypothesis that low gene flow and isolation-by-distance explain an important part of the spatial genetic structure of V. americana in French Guiana.
Effect of historical factors on genetic diversity of V. americana in French Guiana Although the AMOVA showed that 2.3% of the genetic variation occurred among the three assumed biogeographical groups, the data in general suggest that historical factors have had very little influence on the nuclear spatial genetic structure of V. americana in French Guiana. A larger genetic variation (ie 6.6% of the total variance) occurred among populations within biogeographical groups and few populations tended to cluster in the genetic distance analysis. Furthermore, the absence of a difference between r st and F st estimates favors this interpretation, since such a result is expected when genetic differentiation is approximately independent of the mutation process (ie high migration rates and/or recent time of divergence among populations; Rousset, 1996) . The weak genetic divergence among biogeographical groups could be explained by short periods of isolation and/or low but constant pollen flow. This assumption is in agreement with the description (based on the presence of charcoals in soil) of several short periods of drought that produced rapid contraction-expansion of rainforest in French Guiana during the Holocene period (10 000-1000 years BP; Tardy, 1998) .
Our data provide scant evidence of genetic bottlenecks within populations. Tests were only significant in a few populations and not for the same mutation model. Moreover, they were significant in populations located within or near areas that are assumed to have been weakly disturbed in the past, and in contradiction to expectations. The power to detect founder effects may be limited by the low number of loci used, unrealistic mutation models or migration among populations (Cornuet and Luikart, 1996) . In addition, recent local population extinction-recolonization in V. americana, independent of the rainforest history, could explain the detection of bottlenecks for populations located in areas assumed to have been weakly disturbed during the Pleistocene and Holocene. These recent extinctionrecolonization events are suggested by several observations of V. americana populations mostly composed of large and dead trees, and indicate a recent and significant decrease in the local adult population size (O Brunaux, personal communication and personal observations). Studies combining demography and genetics at a reduced geographic scale could shed more light on these aspects. There is also no clear explanation for the dependence of test results on the mutation models (see Table 4 ). A striking result is that under the SMM, significant excess of heterozygosity was detected in three populations, but under the IAM model, deficit was detected in two other populations. These asymmetrical results may not only be related to differences in demographic dynamics among populations independently of the contraction-expansion of the rainforest, but also to the statistical power to detect demographic changes under the two mutation models (Cornuet and Luikart, 1996) .
The results obtained on nuclear spatial genetic structure strongly contrast with preliminary results of the distribution of cpDNA haplotypes, which suggested that V. americana populations have experienced historical bottlenecks (Dutech et al, 2000b) . Two nonexclusive hypotheses are proposed to explain this pattern: ancient regressions of populations followed by recolonization from isolated populations, and reduction of range area during the Holocene period. The difference recorded in genetic diversity between nuclear loci and the chloroplast genome may be explained by the slow return of the chloroplast genome to a mutation-drift equilibrium after a bottleneck, because of its clonal evolution and low mutation rates. Consequently, genetic drift in small residual populations during the decline of a species and a bottleneck experienced during recolonization can be detected after a larger number of generations in the chloroplast genome than in the nuclear genome. The difference of evolution between nuclear and organelle genomes has already been extensively discussed (eg, Fay and Wu, 1999; Comes and Abbott, 2000) , and probably occurs in V. americana populations.
Although sampling was limited to the half of North French Guiana (ie populations separated by a maximum of 300 km), this study is one of the rare studies in the Neotropics comparing several populations at this spatial scale. It provides a clearer perspective on the associated effects of gene flow and past climatic changes on the genetic structure of V. americana populations in French Guiana. The low nuclear genetic divergence among biogeographical groups therefore indicates that the V. americana populations were probably weakly isolated over short periods of times during post glacial climatic changes in the tropics (between 20 000 years BP and now). This might have prevented significant genetic drift within populations and promoted low but constant gene flow among populations. Of course, studies at spatial scales larger than French Guiana would be useful for comparing different biogeographical areas suspected to have been more strongly isolated in South America during the Pleistocene period (see eg Granville, 1982) . In this perspective, studying V. americana populations from northeastern Brazil, as well as populations sampled in species from various plant families, would provide a clearer view about the effects of past climatic changes on the species of Neotropical rainforest ecosystems.
